Minimally invasive spine surgery (MISS) is a technologically dependent surgery, requiring utilization of advanced endoscopic surgical instruments, imaging-video technology and tissue modulation technology, in a digital operating room (DOR). It requires seamless connectivity and control to perform the surgical procedures in a precisely orchestrated manner. Therefore a new integrated technological convergence and control system (SurgMatixÒ) was created. This system facilitates MISS with ''organized control instead of organized chaos'' in the endoscopic DOR suite and enables a safer, precise and more effective surgery.
Purpose
The first 3 cases of transpedicular, transdiscal lumbosacral screw fixation in combination with a pedicle screw construct for isthmic spondylolisthesis were published by Abdu in 1994 [1] . Several small case series with similar constructs, some of them with additional transvertebral cages followed between 2001 and 2006 [2] [3] [4] [5] [6] [7] . Grob (1996) was the first to present a series of 16 cases, in which direct transpedicular, transdiscal screw fixation of isthmic or degenerative spondylolisthesis without the use of an additional pedicle screw construct was successfully performed at the L4/5 and L5/S1 levels [8] . Zagra (2009) reported on a series of 62 patients operated on with the Grob technique for isthmic spondylolisthesis at the L3 through S1 levels [9] . Grob and Zagra both used additional posterolateral fusion and both had either 1 or 2 screw breakages in their series, but neither author observed pseudarthroses. The screw-related complications in these 2 series included inadvertent anterior cortical penetration, nerve root compression in the foramen and iliac artery compression, all requiring screw removal and repositioning. These complications already hint at the difficulty of safely drilling the transpedicular, transdiscal trajectories under fluoroscopy guidance with optimum screw purchase, but without compromising neural or vascular structures. The newly developed ''Guided Oblique Lumbar Interbody Fusion'' (GOLIF) procedure overcomes these problems by means of robotic-assisted navigation [10, 11] . It also expands on the original Grob procedure in 3 important ways: First, it makes minimally invasive, percutaneous screw placement possible. Second, it allows for the combination with intervertebral cage fusion techniques. And third, it doesn't require the presence of spondylolisthesis. These 3 factors greatly enlarge the range of possible indications. A multicenter study was designed to evaluate the safety and the efficacy of the GOLIF construct in clinical application. Methods Multicentric, non-randomized, prospective trial with 40 subjects. Patients between 18 and 80 years of age and an indication for the operative arthrodesis of a single lumbar or lumbosacral motion segment are eligible for inclusion. Exclusion criteria are true spinal deformities, lumbar hyperlordosis [ 70 degrees, spondylolisthesis [ 2nd degree (Meyerding), fractures, osteopenia or osteoporosis, inflammatory or malignant systemic diseases, status post irradiation, diabetes mellitus. Primary target criteria regarding safety are intraand perioperative complications as well as the precision of implant positioning. Primary target criterion regarding efficacy is the execution of the procedure as planned preoperatively. A secondary target criterion regarding stability is the stability of the construct or the fusion, respectively, as evaluated on functional side-view plain X-rays at 12 months. Secondary target criteria regarding clinical improvement are the visual analog scale (VAS) for back and leg pain, the Oswestry Disability Index (ODI), the Short Form (SF)-12 questionnaire and, depending on the indication, the Swiss Spinal Stenosis Questionnaire (SSSQ). This study protocol has been approved by the institutional ethics review board of the Ludwig-Maximilian-University, Munich. Results Patient recruitment was begun in November 2009 and at the time of final abstract submission, 8 patients have been included (6 by Süss, Neurochirurgische Klinik und Hochschulambulanz, Charité-Universitätsmedizin/2 by Burger, Neurochirurgische Klinik, Klinikum Nordstadt Hannover). Sofar, safety criteria have been met for all 8 patients. 1 patient had to be converted intraoperatively to a pedicle screw construct for technical reasons. In the other 7 patients, feasibility criteria have also been met. Figure 1 and Fig. 2a,b show a clinical case of GO-LIF. Conclusion This trial will for the first time assess the safety and efficacy of the GOLIF procedure in a prospective fashion in Europe. The results will be an indicator, whether this minimally invasive technique of spinal fixation may become an alternative for pedicle screw-based fixation in the future. 
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Purpose Precise implant placement in the deformed spine of patients with scoliosis is vital in order to avoid neurologic and vascular damage while providing a platform for the safe application of forces required for optimal curve correction. A drill targeting system used in conjunction with a fluoroscopically registered, volumetric based (CT) navigation system has been developed for pedicle screw placement. The purpose of this study is to retrospectively review the accuracy of robotically guided spinal implant insertions and to examine the added value of image-based guidance with regard to pre-operative planning and reproducible operative results. Methods SpineAssist (Mazor Surgical Technologies, Caesarea, Israel) is a bone mounted miniature robot used to guide surgeons toward precise placement of spinal implants (e.g. pedicle screws) while remaining resistant to inaccuracies produced by patient breathing or motion. Registration doesn't rely on surface anatomy like other navigation techniques; the robotic device serves as a computerized mechanical positioning tool that guides the surgeon along the pre-operatively planned insertion trajectory without eliminating surgeon 'hands-on' performance. The system consists of a miniature cylindrically shaped 250 gram robot (50 9 80 mm) that can move in six degrees of freedom, and a work station that runs software integrating image acquisition and registration with pre-operative plans and subsequent real-time robot motion control. Originally designed for minimally invasive percutaneous implant insertion, the software was modified to include the irregular anatomy of the deformed spine. This IRB approved study consists of a comprehensive review of 80 consecutive patients, all diagnosed with adolescent onset idiopathic scoliosis that underwent open posterior segmental spinal instrumentation and fusion. Preoperative CT scans were obtained for all patients (slice thickness of .625 mm) and the system software was used to evaluate the variable size and shape of each vertebra, and to plan the specific screw dimensions and preferred trajectory for ideal placement. Each screw was then critiqued and subsequently adjusted after reviewing a three-dimensional scan of the simulated instrumented segment on the computer (Fig. 1) . Intra-operatively, two fluoroscopic images of the spine (AP, oblique) were coupled with the CT data to register the robot's position relative to the planning; accuracy within 1.3 mm per vertebral segment. The robot is attached to the mounting frame, which has already been secured to the spine, and drilling through the guiding tube into the pedicle is performed under direct visualization, transmuscularly, or even percutaneously. Fluoro time, instrumentation time, total surgery time and any variances in technique were recorded. Precision of implant placements was assessed intra-operatively by means of fluoroscopy, and post operatively with plain radiographs (AP and lateral). Screws were categorized as being clearly within the pedicle (group A); equivocal position, but not a significant breach (group B); or aberrant placement (group C). Results This series included 80 patients (14 male, 66 female) with an average age of 14.4 years, and an average BMI of 21.7. Pre-operative spine curvature averaged 66.5 degrees (46-95 degrees). A total of 647 spinal levels were instrumented (avg. 8/patient) from T3 -S1. 1400 screw insertions were planned; a total of 1163 screws were placed (avg. 14-15/patient). The most common reason for not executing a planned insertion was unsatisfactory registration of a spinal level (102/237); others included hypoplastic pedicle anatomy (63/237), robot not able to reach (41/237), and surgeon decision to change instrumented levels (31/237). Executed screws were assessed as being precisely placed in 95.9% of insertions (Group A), and the remaining 4% were deemed equivocal, but adequate (Group B). One single screw was a complete 'miss' -lateral to the pedicle at the L2 level (Group C) and this was attributed to an error of insertion rather than guidance. 13 screws were placed in a transmuscular fashion, without direct visualization of the drilling site, all rated Group A. There were a large number of in-out-in screw trajectories planned due to small pedicle anatomy, noted during pre-operative planning. There were no device or implant related complications -no clinically harmful screw placements occurred, and there were no screw revisions.
Average instrumentation time was 76.9 minutes per case (27-180 min) or 5.9 min./screw which included frame attachment to the spine, robot mounting and movement, drilling and probing the site, and screw insertion. Registration time averaged 20.8 minutes per case or 1.7 min./screw. Total fluoroscopy time averaged 31.6 seconds per case (13-116 sec.) or 4.8 sec./level.
Conclusions
Placement of pedicle screws in adolescent scoliosis patients presents a considerable challenge; screw perforation rates as high as 41% have been reported. Various techniques have evolved to increase the accuracy of implant insertion including fluoroscopy, 3-dimensional c-arms, CT and MRI based systems. This series represents the largest collection of scoliosis cases where computer-assisted robotic guidance was utilized for the placement of pedicle screws (1163 screws over 647 spinal levels), successfully overcoming the complexity of scoliosis related deformities (Fig. 2) . Ultimate accuracy of planned and executed insertions requires post operative CT scans to verify screw position; unfortunately, this was not done due to excessive radiation exposure. However, critical review of both intra-operative fluoroscopy and post operative radiographs yielded an apparent ideal placement in 95.9% of screws, with the remaining 4% deemed as acceptable. Rotational deformity of apical thoracic vertebra made assessment of final screw position in this region challenging; in these cases intra-operative fluoroscopy was utilized for verification. The most common 'breached' position was noted in the thoracic spine, where the screw trajectory passed through the pedicle into the superior endplate of the vertebral body. There were no neuro-vascular problems, and only one missed screw (Group C).
Pre-operative planning capabilities resulted in better preparedness in the OR, providing the surgeon the ability to strategically plan and review ideal screw placements prior to surgery. This allowed the surgeon to bypass instrumentation of excessively deformed pedicles, or to modify screw trajectories from 'standard' technique. A high correlation can be expected between planned screw positions and executed robotic guidance. Accumulated experience with improved surgical workflow contributed to reduced operative time and minimized the need for fluoroscopic imaging. Fluoroscopic guidance does not provide information on the soft tissue. We present a technique that combines CT information and fluoroscopic controls for image-guided, percutaneous interventions.
Methods
The procedures were performed with the Allura Xper FD20/20 (Philips, Best, the Netherlands). An initial XperCT data set was acquired with the C-arm flat panel system. Based on the XperCT data entry and target points were defined using dedicated software (Xperguide). The needle path could be visualised in various reconstructed trajectories, and be corrected if necessary. For percutaneous interventions, the entry view (overlay of entry and target point), the progression view (perpendicular to the entry view), as well as two additional views can automatically be piloted to with the C-arm system. Needle navigation was supported with the SeeStar (Radi, Uppsala, Sweden). In the progression view the needle can be navigated along the planned trajectory displayed on an overlay of reconstructed XperCT data and the fluoroscopy image. Correct needle positioning was confirmed with a second XperCT.
Results
The proposed technique is routinely applied for vertebral body biopsies, for facet joint and nerve root infiltrations. Correspondig cases are demonstrated.
Conclusion
The Xperguide system for image guided percutaneous interventions is practicable and turned out to be an interesting alternative to CT guided procedures. Keywords Lumbar vertebra Á 2D/3D reconstruction Á Fluoroscopy Purpose Accurate three-dimensional (3D) models of lumbar vertebrae can enable image-based 3D kinematic analysis. The common approach to derive 3D models is by direct segmentation of CT or MRI datasets. However, these have the disadvantages that they are expensive, timeconsuming and/or induce high-radiation doses to the patient. In this study, we present a technique to automatically reconstruct a scaled 3D lumbar vertebral model from a single two-dimensional (2D) lateral fluoroscopic image. Methods Our technique is based on a hybrid 2D/3D deformable registration strategy combining a landmark-to-ray registration with a statistical shape model-based 2D/3D reconstruction scheme. Fig. 1 shows different stages of the reconstruction process.
Four cadaveric lumbar spine segments (total twelve lumbar vertebrae) were used to validate the technique. To evaluate the reconstruction accuracy, the surface models reconstructed from the lateral fluoroscopic images were compared to the associated ground truth data derived from a 3D CT-scan reconstruction technique. For each case, a surface-based matching was first used to recover the scale and the rigid transformation between the reconstructed surface model and the ground truth model before the distances between the two discrete surface models were computed. Results Our technique could successfully reconstruct 3D surface models of all twelve vertebrae. After recovering the scale and the rigid transformation between the reconstructed surface models and the ground truth models, the average error of the 2D/3D surface model reconstruction over the twelve lumbar vertebrae was found to be 1.0 mm. The errors of reconstructing surface models of all twelve vertebrae are shown in Fig. 2 . It was found that the mean errors of the reconstructed surface models in comparison to their associated ground truths after iterative scaled rigid registrations ranged from 0.7 mm to 1.3 mm and the rootmean squared (RMS) errors ranged from 1.0 mm to 1.7 mm. The average mean reconstruction error was found to be 1.0 mm. Conclusion An accurate, scaled 3D reconstruction of the lumbar vertebra can be obtained from a single lateral fluoroscopic image using a statistical shape model based 2D/3D reconstruction technique. Future work will focus on applying the reconstructed model for 3D kinematic analysis of lumbar vertebrae, an extension of our previously-reported imagebased kinematic analysis. The developed method also has potential applications in surgical planning and navigation. Keywords Pelvis Á CT-scan Á SI-screw Á Corridor Purpose Sacroiliac (SI) screw fixation is used to stabilize unstable pelvic fracture patterns like sacroiliac joint dislocations and sacral fractures. Percutaneous screw insertion into the small sacral pedicle is technically demanding and places the adjacent neurovascular structures at potential risk [1] [2] [3] . The surgeon needs to translate planar picture information of fluoroscopical images into a spatial bone construct [4] . This implies that malpositions of SI-screws happen more often when common variations in the morphology of the upper sacrum are unrecognized [1] . Therefore further shape analysis of the posterior pelvic ring is required. This work describes methods for computing the corridors for accurate transversal screw location into the first, second and third sacral body by using a screw diameter of about 7.5 mm. The results and further evaluations could be translated into a surgical guideline for safe screw insertion which is planned in future work. Methods Two methods have been developed and compared to each other for automatic corridor computation. The first one is realized within the MATLAB (version R2008a, The Mathworks, Inc) framework and is suitable for examining and documenting single pelves. The second one has been implemented in C ++ within the Amira framework (Version 4.1.2, Visage Imaging Inc, Pro Medicus Limited) and is suitable for computing the corridors of large sets of pelvic CT-data. The eleven CT scans, used for developing and testing the methods, were primary generated for cause of medical indication for diagnostics of individual diseases. Informed patient consent for further research applications of individual image data was obtained. Before transversal corridors are determined some preprocessing of the pelvis CT-scans has to be performed including segmentation, 3D surface generation and transformation into a common coordinate system, corresponding to standard Matta projections, such as illustrated in Figure 1 . Then, the surfaces are converted into a volumetric representation resulting in a binary 3D image or label field with an isotropic voxel (volume element) size of 0.590.590.5 mm 3 . The first method is implemented with MATLAB. First the orthogonal projection along the x-axis (lateral view) of the pelvis label field on the sagittal plane (z-y) is computed by summing up the labeled voxels along the x-axis. Then, in step two, the 3D contour of the pelvis is computed containing only its labeled boundary voxels. In step three this contour is projected on the sagittal yz-plane along the horizontal x-axis and a binary corridor image is determined (Fig. 2a) .
In the next step a morphological opening operation is performed using a disk-like structuring element of radius 8 which has approximately the same diameter as a 7.5 mm thick SI screw. This image treatment operation removes regions that can't contain the complete structuring element. Finally, by using anatomical knowledge of the potential positions of S1, S2 and S3 corridors in the aligned label fields all other corridors can be automatically rejected (Fig. 2b) .
The C++ algorithm starts with the same preprocessed volume data of the label field of the pelvis. The C++ algorithm works on voxel level and treats each voxel in a threefold nested loop. In the inner loop it projects a given pixel of the resulting 2D projected image of the sagittal yz-plane by simply summing up the label values along the projection axis (x). Valid corridors are detected by evaluating and counting material (label value) transitions during the projection operation resulting in a corridor image. In the two outer loops of the algorithm all pixels of the cross sectional corridor area are treated in the same manner. Finally, a morphological opening of the corridor image is performed using a disk-like structuring element with a radius close to typical SI-screw diameters in order to obtain corridors formed by all computed SI-screw positions within compact bone.
Results
The major outcomes of this work are two similar algorithms for computing SI corridors implemented with MATLAB and C ++. To characterize their behavior, when applied to typical clinical pelvis CT scans, some parameters of the algorithm such as the simulated SI screw radius have been varied (6 mm through 9 mm) in order to estimate their influence on the computed cross sectional areas of the corridors. For example, the influence of the screw diameter on the S1 corridor was weak, i.e. \ 3.3% of the complete cross sectional area. The methods have been tested with eleven pelvis data sets and compared to each other. Within this test data set the cross sectional areas of the first three SI corridors vary from 0 to 438 mm 2 . Both methods yield comparable results. Conclusion For the eleven pelvis CT-data sets used in this work both methods produced similar results and the outcome variations are smaller than the potential border effects caused by the discrete nature of CT-scans. Therefore we conclude that the methods are both appropriate to be used in further anatomical studies of the SI corridor shapes. Our methods for computing secure bone corridors for sacroiliac screw fixation can contribute to improve 3-dimensional surgical understanding of the complex anatomy of the posterior pelvic ring, and they can provide a helpful decision support in clinical practice. 
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